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1.  INTRODUCTION 


There  are  basically  two  types  of  aurora.  One  is  the  diffuse  aurora,  which  is  caused  by 
the  precipitation  of  trapped  electrons,  and  the  other  is  the  discrete  aurora,  which  is  caused 
by  electrons  accelerated  through  a  field-aligned  potential  drop.  The  two  types  of  precipita¬ 
tion  are  easily  distinguished  in  satellite  observations  from  the  characteristics  of  the  energy 
spectra.  The  diffuse  aurora  has  a  nearly  isotopic  pitch  angle  distribution  and  has  an  energy 
spectrum  extending  monotonically  to  many  tens  of  keV,  and  the  fluxes  are  seen  to  change 
relatively  slowly  over  traverses  of  several  degrees  in  latitude.  The  discrete  aurora  lies  pole- 
ward  of  the  diffuse  aurora  and  is  characterized  by  large  spatial  variability  and  by  spectral 
distributions  peaked  in  energy.  These  structures  seen  on  an  £  -  r  (Energy  -  time)  spectro¬ 
gram  are  referred  to  as  inverted- V  events  [Frank  and  Akerson^].  At  times  a  magnetic- 
field-aligned  beam  is  seen,  indicating  that  the  electrons  are  accelerated  through  a  field- 
aligned  potential  drop.  The  inverted-V  events  correlate  very  well  with  the  occurrence  of 
paired  electrostatic  shocks,  first  deduced  by  Wescott  ei  al.^  and  later  seen  directly  by  Mozer 
et  al.^  on  the  S3-3  satellite. 

Both  ground-based  observations  of  luminosity  versus  altitude  and  direct  spectral  mea¬ 
surements  from  rockets  and  satellites  indicate  that  the  energies  of  electrons  responsible  for 
the  discrete  aurora  usually  are  in  the  range  of  a  few  key  but  rarely  more  than  10  keV.  This 
is  consistent  with  the  voltage  differences  seen  across  the  paired  shocks  [Mozer  et  al.'*].  The 
purpose  of  this  report  is  to  document  S3-3  satellite  observations  which  show  that  at  times  a 
portion  of  the  electrons  in  inverted-V  events  can  be  accelerated  to  energies  considerably  in 
excess  of  the  likely  accelerating  potential. 

The  search  for  these  events  was  motivated  by  numerical  simulations  of  auroral  elec¬ 
tron  precipitation  by  Swift.^  These  simulations  indicated  that  under  certain  circumstances 
upper  hybrid  waves  would  be  excited  by  a  field-aligned  auroral  beam.  The  upper  hybrid 
wave  was  found  to  be  effective  in  scattering  the  electron  beam  in  both  energy  and  pitch 
angle.  This  scattering  resulted  in  some  electrons  being  diffused  to  energies  considerably  in 
excess  of  the  beam  energy.  This  is  in  contrast  to  atmospheric  scattering,  which  can  only 
degrade  auroral  electron  energy.  Therefore,  these  events  should  be  easily  seen  in  in-verted- 
V  events  as  electron  fluxes  with  energies  considerably  in  excess  of  the  characteristic  energy 
of  the  event. 

The  observations  to  be  reported  below  are  not  the  first  observations  of  approximately 
100  keV  electrons  in  the  discrete  aurora.  Evans^  flew  a  rocket,  instrumented  with  a  series 
of  channel  multiplier  detectors  for  E  $30  keV  and  plastic  scintillations  for  E  >  60  keV  into 
a  bright  discrete  aurora  with  a  background  luminosity  flickering  at  10  Hz.  A  6  keV  mono- 
energetic  component  was  detected.  In  addition,  the  flickering  component  was  seen  in  the 
various  energy  channels  with  a  modulation  increasing  with  increasing  energy  up  to  120  keV. 
It  was  determined  from  the  lack  of  a  velocity  dispersion  that  the  source  region  for  the  ener¬ 
getic  component  must  have  been  within  1000  km  of  the  detectors.  The  observations  of 


5 


Evans  prompted  Perkins^  to  consider  the  interaction  of  an  auroral  electron  beam  with  a 
dense  ionospheric  plasma.  He  found  that  upper  hybrid  waves  would  be  excited,  which 
would  efficiently  scatter  the  beam  in  both  energy  and  pitch  angle.  Moreover,  he  was  able  to 
account  for  the  10  Hz  periodicity  in  the  energetic  component. 

Although  the  production  of  energetic  electrons  in  the  discrete  aurora  is  not  a  new  dis- 
coveiy,  it  is  a  phenomenon  that  has  been  ignored  for  the  past  twenty  years.  The  reason,  we 
suspect,  is  that  with  the  introduction  of  the  electrostatic  analyzers  capable  of  measuring 
particle  fluxes  in  the  keV  energy  range  and  below,  investigators  tended  to  ignore  the  older 
technology,  which  was  capable  of  observing  particle  fluxes  at  energies  of  tens  of  keV  and 
above.  The  production  of  the  tens  of  keV  and  above  electrons  should  make  the  discrete 
aurora  easily  visible  in  the  X-ray  wavelengths  due  to  bremsstrahlung.  Recent  developments 
in  the  ability  to  image  in  the  X-ray  spectrum  [Imhof  et  al.*,  Rosenberg  et  al.^  should  be 
cause  for  renewed  interest  in  the  production  of  highly  energetic  electrons  in  the  discrete  au¬ 
rora.  Also,  of  course,  the  physical  processes  which  lead  to  acceleration  of  electrons  to  ener¬ 
gies  higher  than  the  beam  energy  are  of  scientific  interest  in  their  own  right. 
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2.  S3-3  OBSERVATIONS 


The  presentation  will  consist  of  a  fairly  detailed  exposition  of  two  of  our  best  docu¬ 
mented  examples  from  the  S3-3  data  set,  followed  by  a  more  general  discussion  of  other 
examples.  Figure  1  shows  an  S3-3  E-t  spectrogram  from  Day  211  (July  29)  in  1976.  The 
spectrogram  shows  gr^r  scale  plots  of  electron  (0.17  -  33.0  keV)  and  ion  (0.09  -  3.9  keV)  en¬ 
ergy  flux,  and  separate  panels  for  the  235  keV  electron  channel  and  >  80  keV  proton  chan¬ 
nel.  Filter  outputs  from  the  AC  electric  field  (30  Hz  -  100  kHz)  are  shown  in  the  top  panel. 
Ephemeris  parameters  are  indicated  at  200  sec  intervals.  The  event  occurs  near  41270  UX 
at  an  invariant  latitude  of  75"  and  a  magnetic  local  time  of  18.6  hr.  It  can  be  seen  from  the 
235  keV  channel  that  the  satellite  is  well  poleward  of  the  plasma  sheet  and  is  passing 
through  a  broad  inverted-V  region  with  a  characteristic  energy  of  4  to  8  keV.  In  the  event 
at  41270,  electron  fluxes  at  all  energies  are  enhanced,  but  the  peak  energy  flux  appears  in 
the  33  keV  channel,  and  there  is  even  some  enhanced  flux  in  the  235  keV  channel.  It  can 
also  be  seen  that  there  is  a  coincident  noise  burst  in  the  AC  electrostatic  field.  This  is  likely 
noise  generated  by  the  auroral  electron  beam  on  the  lower  hybrid  resonance  curve;  it  cannot 
be  on  the  upper  hybrid  curve,  since  the  local  upper  hybrid  frequency  lies  above  the  pass 
band  of  the  AC  electric  field  instrument. 


Figure  2  shows  count  rates  in  the  12, 33,  and  235  keV  channels.  Each  point  represents 
a  quarter  spin  period  of  approximately  5  sec  of  data.  Because  of  the  greatly  compressed 
time  scale,  the  event  is  marked  with  an  arrow.  It  shows  up  quite  strongly  in  the 
33  keV  chaimel  and  is  barely  perceptible  in  the  235  keV  channel.  There  is  a  more  promi¬ 
nent  peak  in  fluxes  on  the  235  keV  channel  at  41400,  which  has  no  corresponding  signature 
on  the  £  -  /  spectrogram. 


Figure  3  is  a  contour  plot  showing  the  electron  velocity  distribution  function.  The 
most  significant  features  are  the  contours  going  off-scale  with  asymptotes  at  20*  to  the  field 
line.  Electrons  with  a  pitch  angle  of  20*  would  mirror  in  a  magnetic  field  intensity  of  B  = 
0.48  G.  This  would  place  the  source  region  for  the  particles  at  ionospheric  altitudes.  This 
feature  began  to  appear  in  the  third  quadrant  in  the  upgoing  fluxes  on  the  previous  frame 
and  was  seen  to  be  fully  developed  in  the  downgoing  fluxes  in  the  fourth  quadrant.  The 
event  therefore  began  somewhere  around  41251 UT  From  Fig.  3,  it  can  be  seen  that  the 
event  ended  somewhere  around  41280  UT  making  an  approximate  30  sec  duration.  The 
satellite  in  this  time  has  a  latitudinal  displacement  of  about  0.27*,  or  66  km.  Since  both  up¬ 
ward  and  downward  fluxes  are  seen,  the  event  must  be  on  closed  field  lines.  The  data  does 
not  directly  indicate  the  hemisphere  of  origin.  Assuming  the  magnetic  field  line  crosses  the 
plasma  sheet  at  10  RE,  the  field  line  path  between  conjugate  ionospheres  must  be  approxi¬ 
mately  30  RE,  so  the  bounce  time  between  hemispheres  of  an  electron  moving  at  105  km/sec 
is  about  4  sec.  This  is  less  than  a  quarter  scan  on  S3-3. 
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S3-3  SATELLITE  DAY  98,  1977 


O 


Electron  Channel  at  41270  UT 


INVL  70  74  78 

U.T.  40756  41135  41597 


Fig  2.  Plots  of  the  Count  Rates  on  the  12,  33,  and  235  keV 

Channels.  The  time  of  the  event  is  marked  by  the  arrow. 
The  event  is  particularly  evident  on  the  33  keV  channel. 
The  peak  fluxes  at  33  keV  are  field  aligned,  both  up  and 
down,  while  at  235  keV  the  fluxes  tend  to  be  downward 
or  perpendicular. 
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ELECTRONS 
DAY  211  YEAR  1976 
41263  to  41 285  U.T. 


Vx(10*kin/8ec) 


Fig  3.  Electron  Velocity  Distribution  Function  Ikken  During 
the  Event  Shown  in  Figs.  1  and  2.  The  contour  intervals 
are  on  a  logarithmic  scale.  The  distribution  function  is 
taken  as  the  satellite  scans  in  pitch  angle  going  counter¬ 
clockwise  from  the  Vj  axis.  Positive  Vj  is  parallel  to  the 
magnetic  filed  and  downward  in  the  northern  hemi¬ 
sphere.  A  pitch  angle  sweep  takes  22  sec. 
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Figure  4  shows  the  electrostatic  potential  measured  along  the  satellite  trajectory 
through  this  event.  There  is  an  obvious  8  kV  dip  in  the  curve,  which  begins  at  approximate¬ 
ly  41244  and  ends  at  41255  UT,  an  approximate  10  sec  duration.  Since  the  satellite  is  travel¬ 
ing  poleward,  the  position  of  the  potential  dip  is  largely  equatoiward  of  the  highly  energetic 
portion  of  the  precipitation  event. 
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Fig.  4.  Plot  of  the  Electric  Potential  Associated  with 

the  Event  Shown  in  the  Three  Previous  Figures. 

The  E  - 1  spectrogram  of  Fig.  5  shows  two  events  at  59010  and  59370  UT  of  day  98 
(April  8)  1978.  There  is  possibly  a  third  and  very  narrow  event  at  59415  UT.  This  pas?  was 
in  the  southern  hemisphere,  and  the  two  major  events  observed  were  at  6159  and  5500  km 
altitudes  at  latitudes  of  66*  and  70.1*,  respectively.  The  59370  event  also  shows  up  clearly 
on  the  235  keV  channel.  The  AC  electric  field  detector  was  unable  to  operate  during  this 
extremely  energetic  event.  Figure  6  shows  the  count  rates  on  the  33  keV  and  235  keV  chan¬ 
nels.  (The  12  keV  channel  had  failed.)  TTie  33  keV  channel  shows  large  responses  to  the 
three  events.  The  235  keV  channel  shows  no  response  in  the  first  event,  but  has  a  broad 
response  spanning  the  time  of  the  latter  two  events.  There  is  a  single  data  point  that  stands 
out  above  the  envelope  of  the  other  points  at  the  time  of  the  second  event. 

Figure  7  shows  the  velocity  distribution  of  the  second  event,  taken  between  59368  and 
59385  UT.  The  most  prominent  feature  is  the  large  anisotropy  favoring  perpendicular  ener¬ 
gies.  This  suggests  that  the  satellite  is  in  the  source  region  of  the  energetic  electrons.  The 
frame  for  the  previous  satellite  spin  showed  rather  low  count  rates,  and  the  following  fi-ame 
showed  upward-directed  fluxes  at  an  angle  of  55*  to  the  magnetic  field,  indicating  the 
source  region  had  moved  into  a  region  where  the  field  intensity  was  O.D  G,  corresponding 
to  an  altitude  of  about  4000  km. 

Figure  8  shows  the  potential  deduced  firom  the  electric  field  measurement  along  the 
satellite  track.  The  event  occurred  just  after  the  satellite  had  passed  through  a  D  kV  jump 
in  potential.  It  is  curious  that  the  energetic  electron  event  in  this  and  the  previous  example 
occurred  just  poleward,  rather  than  in  the  middle  of  the  potential  dip. 
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59010,  59370,  and  Possibly  59415  UT. 
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Fig.  6.  Plots  of  the  Count  Rates  on  the  33  and  235  keV  channels.  The 
events  are  evident  on  the  33  keV  channel  and  there  is  a  one- 
point  peak  corresponding  to  the  59370  UT  event  on  the  235  keV 
channel.  This  is  embedoed  in  a  broader  region  of  enhanced 
fluxes  on  the  235  keV  channel. 
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ELECTRONS 
DAY  98  YEAR  1977 
S9368  to  59885  U.T. 


Vx  (10*  km/sec) 


Fig.  7  Same  as  Fig.  3,  Except  for  the  Electron  Velocity  Distribution  Function 
liiken  During  the  59370  UT  Event  Shown  in  Figs.  5  and  6.  A  pitch 
angle  sweep  takes  17  sec. 
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Fig.  8.  Plot  of  the  Electric  Potential  Associated  with  the  59370  UT 
Event  Shown  in  the  Three  Previous  Figures. 

Ikble  1  presents  a  summary  of  the  events  that  have  been  identified  by  responses  in  the 
33  keV  channel  in  the  S3-3  data  set  at  The  Aerospace  Corporation.  The  column  labeled 
235  keV  indicates  whether  there  was  any  enhancement  in  the  fluxes  in  this  channel  asso¬ 
ciated  with  the  event.  A  blank  indicates  the  unavailability  of  data.  The  column  headed  by 
<I>  indicates  the  maximum  potential  change  associated  with  the  event,  while  the  or-column 
indicates  the  pitch  angle  of  the  electron  conic.  The  particular  signature  for  the  events  is 
evidence  that  electrons  have  been  scattered  to  energies  considerably  in  excess  of  the  likely 
accelerating  potential.  Another  criterion  was  that  the  events  had  to  be  in  a  region  of  in- 
verted-V  precipitation  and  well  poleward  of  the  trapped  radiation.  In  order  to  be  identi¬ 
fied,  the  event  had  to  have  a  duration  on  the  spectrogram  of  a  spin  period  or  longer.  This 
meant  that  it  had  to  have  a  width  of  several  tens  of  kilometers,  much  larger  than  the  widths 
associated  with  discrete  auroral  arcs.  Appearance  of  enhanced  fluxes  on  the  235  keV  chan¬ 
nel  served  as  confirming  evidence.  The  selection  procedure  undoubtedly  missed  a  consider¬ 
able  portion  of  the  events,  so  the  table  should  not  be  used  to  infer  occurrence  statistics. 
However,  the  occurrence  frequency  of  the  highly  energetic  events  appears  to  be  much  lower 
than  for  the  inverted-V  events.  The  events  that  have  been  identified  occuned  during  the 
evening  and  morning  hours,  and  during  a  time  when  the  ionospheric  footprint  was  sunlit. 
We  do  not  know  whether  this  is  significant  because  most  of  the  S3-3  data  set  scanned  for 
these  events  was  under  daylight  conditions.  The  scan^  pitch  angle  data  indicate  that  the 
scattering  process  took  place  between  altitudes  of  a  few  hundred  km  and  5500  km.  Al¬ 
though  the  individual  velocity  distributions  contain  both  upgoing  and  downgoing  particles, 
indicating  the  presence  of  particles  reflected  from  the  conjugate  hemisphere,  we  feel  that 
the  events  occurred  in  the  hemisphere  in  which  they  were  observed.  One  reason  is  that  en¬ 
hancement  of  low-energy  fluxes,  down  to  200  eV  is  also  observed.  The  transit  time  of  these 
fluxes  from  one  hemisphere  to  another  is  about  22  sec,  which  should  produce  a  noticeable 
dispersion  if  the  source  were  in  the  opposite  hemisphere.  We  are  also  able  to  discern  in¬ 
stances  in  which  fluxes  are  seen  in  the  235  keV  channel,  but  there  is  no  simultaneous  fea- 
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instances  in  which  fluxes  are  seen  in  the  235  keV  channel,  but  there  is  no  simultaneous  fea¬ 
ture  in  the  £  -  r  spectrogram.  We  suspect  these  may  be  events  which  occur  in  the  opposite 
hemisphere. 


Table  1.  A  Catalog  of  Energetic  Events  Identified  in  the  S3-3  Data  Set. 


Year 

Day 

UT 

INVL 

MLT 

Alt. 

235  keV 

<D 

O' 

1976 

210 

52200 

73.2 

20.0 

7450 

? 

2kV 

- 

1976 

211 

41270 

75. 

18.6 

7660 

yes 

8kV 

20* 

1977 

98 

59010 

-66. 

20.4 

6159 

no 

4kV 

40* 

1977 

98 

59370 

-70.1 

20.2 

5500 

yes 

13  kV 

90* 

1978 

93 

76320 

69. 

17.5 

2350 

yes 

- 

- 

1978 

93 

77910 

70. 

6.4 

6000 

yes 

- 

- 

1978 

94 

72660 

63.5 

17.7 

2600 

yes 

- 

- 

1978 

104 

18880 

74. 

8.1 

6550 

1  '  1 

- 

r 
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3.  DISCUSSION  AND  CONCLUSIONS 


We  have  presented  observations  indicating  that  electrons  with  energies  considerably  in 
excess  of  the  accelerating  potential  may  be  produced  in  the  discrete  aurora.  The  observa¬ 
tions  of  the  distribution  function  also  indicate  that  much  of  the  energy  appears  in  the  per¬ 
pendicular  motion.  The  potential  that  accelerates  the  electrons  would  create  primarily  a 
field-aligned  beam.  Such  a  beam  interacting  with  the  ionospheric  electrons  can  excite 
Langmuir  waves  and  waves  on  the  lower  and  upper  hybrid  resonance  cones.  The  analysis 
of  Maggs  [1978]  and  the  simulations  of  Swift  [1988]  indicate  that  inhomogeneities  perpen¬ 
dicular  to  the  magnetic  field  will  suppress  the  Langmuir  wave.  Waves  on  the  lower  hybrid 
cone,  which  can  propagate  away  from  the  cone  in  the  whistler  mode,  are  believed  to  be  re¬ 
sponsible  for  auroral  hiss.  Both  these  and  the  Langmuir  waves  will  heat  the  beam  in  direc¬ 
tions  primarily  parallel  to  the  magnetic  field,  so  it  is  unlikely  that  these  waves  can  be  re¬ 
sponsible  for  the  strong  perpendicular  heating.  Ine  analysis  of  Perkins  [1%8]  and  the  sim¬ 
ulations  of  Swift  show  that  waves  on  the  upper  hybrid  branch  do  interact  with  electrons 
through  gyroresonance  to  produce  strong  perpendicular  heating. 

Observational  evidence  for  the  presence  of  upper  hybrid  waves  in  regions  of  auroral 
precipitation  is  rather  scanty.  However,  Kellogg  et  al.  [1978]  report  the  observation  of  in¬ 
tense  emissions  at  2.3  mHz  at  328  km  altitude  which  coincide  with  bursts  of  electron  fluxes. 
The  authors  speculate  the  waves  were  generated  at  higher  altitude  on  the  upper  hybrid  reso¬ 
nance  cone  and  propagated  to  the  observing  rocket  in  the  Z-mode.  More  recently,  satellite 
data  of  electron  fluxes  and  plasma  waves  presented  by  Beghin  et  al.  [1988]  showed  an  exam¬ 
ple  of  precipitation  of  20  keV  electrons  coinciding  with  an  electrostatic  wave  burst  above 
the  local  plasma  frequency. 

One  likely  reason  why  the  energetic  electron  events  are  not  seen  more  often  is  that  the 
upper  hybrid  waves  must  compete  with  lower  hybrid  waves  for  the  same  energy  source, 
namely  the  field-aligned  electron  beam.  Maggs  [1978]  has  shown  that  when  the  local  gyro- 
frequency  exceeds  the  plasma  frequency,  waves  on  the  lower  hybrid  resonance  cone  are  fa¬ 
vored;  whereas  waves  on  the  upper  hybrid  branch  are  favored  when  the  plasma  frequency 
exceeds  the  gyrofrequency.  The  simulation  results  of  Swift  [1988]  also  indicate  this  trend. 
This  may  explain  why  the  events  reported  in  this  data  set  occurred  during  times  when  the 
ionosphere  was  likely  to  be  sunlit.  Moreover,  because  of  the  generally  low  plasma  densities 
in  the  ionosphere,  it  is  not  common  for  the  electron  plasma  frequency  to  exceed  the  gyrofre¬ 
quency.  This  may  explain  the  relative  scarcity  of  the  energetic  electron  events.  However,  it 
should  be  noted  that  the  observations  of  Evans  [1967]  and  Kellogg  et  al.  [1978]  were  in  a 
darkened  ionosphere;  they  may  have  been  in  an  aurorally  enhanced  ionosphere,  and  there 
may  have  been  special  geometrical  conditions  that  would  have  favored  the  upper  hybrid 
waves. 

The  S3-3  data  set  is  not  well  adapted  to  obtain  good  statistics  on  the  occurrence  fre¬ 
quency  of  the  energetic  electron  events.  The  ideal  instrument  for  obtaining  this  information 
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the  aurora  bombarded  with  the  energetic  electrons  discussed  in  this  report  should  readily 
show  up  as  discrete  structures  in  X-ray  images  of  the  type  displayed  Imhof  et  al.  and 
comparison  between  the  visible  and  X-ray  images  should  provide  a  good  indication  of  the 
occurrence  frequency  and  spatial  extent  of  the  events.  However,  it  might  be  desirable  to 
look  at  X-ray  energies  higher  than  the  4  keV  used  by  Imhof  et  al.  in  order  to  discriminate 
against  X-rays  that  could  have  been  produced  hy  electrons  with  energies  typical  of  inver- 
ted-V  electrons. 
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LABORATORY  OPEKATIOMS 


The  Aeroapace  Corporation  functlona  aa  an  “architect-engineer"  for 
national  aacurity  projecta,  apeclallalng  In  advanced  allltary  apace  ayatena. 
Providing  reaearch  aupport,  the  corporation* a  Laboratory  Qperatlona  conducta 
exparlaental  and  thaoratlcai  Inveatigatlona  that  focua  on  the  application  of 
aclentlflc  and  technical  advancea  to  auch  ayatena.  Vital  to  the  aucceas  of 
theae  Inveatigatlona  la  the  technical  ataff'a  wide-ranging  expertlae  and  Ita 
ability  to  atay  current  with  new  developnenta.  Thla  expertlae  la  enhanced  by 
a  reaearch  prograa  aland  at  dealing  with  the  aany  problena  aaaoclated  with 
rapidly  evolving  apace  ayatena.  Contributing  their  capabllitlea  to  the 
reaearch  effort  are  theae  Individual  laboratorlea: 

Aarophyalca  Laboratory;  Launch  vehicle  and  reentry  fluid  nechanlca,  heat 
tranafar  and  flight  dynanlce;  chanlcal  and  electric  propulalon,  propellant 
chenlatry,  chenleal  dynanlca,  anvlronnental  chanlatry,  trace  detection; 
apacecraft  atructural  nechanlca,  coatanlnatlon,  thamal  and  atructural 
control;  high  tanperature  themonachanlca ,  gaa  klnatlca  and  radiation;  cw  and 
pulaad  chenleal  and  exclner  laaer  davelopnent  Including  chenleal  kinetlca, 
apeetroeeopy,  optical  reaonatora,  bean  control,  atnoapherlc  propagation,  laaer 
effeeta  and  countemeaauraa. 

Chenlatry  and  Phyalca  Laboratory;  Atnoapherlc  chenleal  reaetiona, 
atnoapherlc  optica,  light  acattarlng,  atate-apeclflc  chanlcal  reaetiona  and 
radiative  aignaturea  of  nlaalle  pluawa,  aenaor  out-of-fleld-of-vlew  rejection, 
applied  laaer  apectroaeopy,  laaer  chenlatry,  laaer  optoeleetronlea ,  aolar  cell 
phyalca,  battery  elactrochanlatry,  apace  vacuun  and  radiation  effeeta  on 
naterlala,  lubrication  and  aurfaea  phenonana,  themlonie  eniaalon,  photo- 
aanaltlve  naterlala  and  datectora,  atonic  frequency  atandarda,  and 
ehvlronnental  chanlatry. 

Conputer  Science  Laboratory;  Prograa  verification,  prograa  tranalatlon, 
perfomance-aenaltlve  ayataa  deaign,  dlatrlbuted  architecturee  for  apaceborne 
conputera,  fault-tolerant  conputer  ayatena,  artificial  Intelligence,  nlcro- 
electronlea  appllcatlona,  conaunicatlon  protocola,  and  coaputer  aecurity. 

Electronlca  Heaearch  Laboratory;  Mlcroelectronlca ,  aolld-atate  device 
phyalca,  coapound  aenlconductora,  radiation  hardening;  electro-optica,  quantun 
electronlca,  aolld-atate  laaera,  optical  propagation  and  coanunlcatlona; 
alerowave  aealconductor  devlcea,  nlcrowave/allllaeter  wave  aeaaureaenta , 
dlagnoatlea  and  radionetry,  nlcrowave/allllaeter  wave  themlonie  devlcea; 
atonic  tine  and  frequency  atandarda;  antennae,  rf  ayatena,  electroaagnetlc 
propagation  phenonena,  apace  conaunicatlon  ayatena. 

Mater lala  Sclancea  Laboratory;  Davelopnent  of  new  naterlala:  netala, 
alloya,  ceranlca,  polynera  and  their  conpoaltea,  and  new  foma  of  carbon;  non- 
deatructlve  evaluation,  conponent  failure  analyala  and  reliability;  fracture 
nechanlca  and  atreaa  corroaion;  analyala  and  evaluation  of  naterlala  at 
cryogenic  and  elevated  tenperaturea  aa  well  aa  In  apace  and  eneny-lnduced 
envlronnanta. 

Space  Sclancea  Laboratory;  Nagnetoapherlc,  auroral  and  coanlc  ray 
phyalca,  wava-partlcle  interactlona,  nagnetoapherlc  plaana  wavea;  atnoapherlc 
and  lonoapherlc  phyalca,  danalty  and  coapoaltlon  of  the  upper  atnoaphere, 
renote  aenalng  ualng  atnoapherlc  radiation;  aolar  phyalca.  Infrared  aatronony, 
infrared  algnature  analyala;  effeeta  of  aolar  activity,  nagnetlc  atoma  and 
nuclear  exploalona  on  the  earth'a  atnoaphere,  lonoaphere  and  nagnetoaphere; 
effeeta  of  electronagnetle  and  particulate  radlatlona  on  apace  ayatena;  apace 
Inatrunentatlon. 


